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[1] The state-of-the-art satellite products of downward shortwave radiation over the
Tibetan Plateau against ground observations are evaluated in this study. The satellite
products include the International Satellite Cloud Climatology Project-Flux Data
(ISCCP-FD) as produced at the NASA Goddard Institute for Space Studies (GISS) from
the ISCCP D1 data, the Global Energy and Water Cycle Experiment-Surface Radiation
Budget (GEWEX-SRB) results as derived at the NASA Langley Research Center
(LaRC) from the ISCCP DX data, and a University of Maryland product derived with a
modified version of the University of Maryland Surface Radiation Budget (UMD-SRB)
model as implemented with METEOSAT-5 observations. These products are at different
spatial and temporal resolutions, and the evaluation is performed at their native
resolutions. Comparisons indicate that, in this region of great variation in elevation, using
hourly, spatially homogeneous, and high resolution satellite data (UMD-SRB) compares
more favorably with surface measurements than products that use three hourly, sparse
subsamples at coarse resolutions (ISCCP-FD and GEWEX-SRB). Discrepancies among
the satellite products are usually larger in highly variable terrain (such as in the Himalayas
region) and smaller for nonvariable terrain (such as in the central Plateau). This
suggests that errors of satellite products are spatially dependent over the Tibet. Therefore
caution needs to be exercised when extending comparison results based on limited in situ
data from accessible sites to the entire Plateau. Attention should be also given to the
quality of input parameters besides cloud properties, as there are large discrepancies
among the satellite products for clear-sky radiation.
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1. Introduction

[2] The protruding nature of the Tibetan Plateau affects
the migration and the temporal variability of the Asian
Monsoon system through its prominent orography and
thermal dynamics [Yeh and Gao, 1979; Yanai et al., 1992;
Wu et al., 2007]. It has been recognized that the plateau is a
large heat source for the Northern Hemisphere [Yeh et al.,
1957; Flohn, 1957]. Therefore the quantification of the
water and energy cycles is an important issue in studies of
the Tibetan hydrometeorology and Asian Monsoon. Due to

the lack of observations over the Tibet, current studies of
quantitative type show large uncertainties [Chen et al.,
2003]. Satellite remote sensing is a promising approach to
enhance our understanding of the water and energy cycles in
this region [Y. Ma et al., 2007]. Yang et al. [2007] are in the
process of developing a land data assimilation system,
which assimilates satellite microwave data to produce
reliable continuous land heat fluxes to better understand
the surface water and energy budgets. Radiative fluxes are
part of this budget and therefore the quality of available
information needs to be established. In the Tibet region, the
mean surface elevation is above 4000 m MSL. The peculiar
plateau conditions (low air mass, low aerosol concentration,
low precipitable water, and low ozone concentration) result
in high values of downward shortwave radiation (SWD).
Observations show that the downward shortwave radiation
over the Tibet can reach 1200 W m�2 or more at local noon
in summer [Ma et al., 2005], which is much higher than that
over sea level along the same latitude. In addition to the
high elevation, the plateau has complex terrain, with several
west–east running high mountains and many hills. The
complex terrain can affect solar radiation in direct and
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indirect ways. Direct effects include shading by mountain
peaks and multiple scattering related to elevation-dependent
snow cover. Indirect effects include convective orographic
clouds and redistribution of precipitation over mountains
and valleys by large-scale and local-scale diurnally chang-
ing winds induced by the complex terrain [Kuwagata et al.,
2001; Kurosaki and Kimura, 2002]. As shown in Liou et al.
[2007], average surface solar flux over a region with
complex topography can deviate from a smooth surface
by as much as 10–50 W m�2, and the anomalies of solar
flux can be as large as 600 W m�2. Due to the altitudinal
dependence of the downward shortwave radiation, caution
needs to be exercised when applying current satellite
products to the plateau region. Most of the evaluations of
these products have been performed at low elevation areas
where good accuracy has been demonstrated. Therefore
ground observations over the Tibetan Plateau can be used
as a benchmark for evaluation of satellite algorithms at high
elevations [Yang et al., 2006a].
[3] In this study, we consolidated in situ data and several

state-of-the-art satellite products for the Tibet region, and
attempted to evaluate the satellite products against surface
observations. It is an extension of the work of Yang et al.
[2006a], in which a preliminary assessment of selected
satellite products was conducted. In this study, we added
one improved version of earlier products, a new version of a
high spatial and temporal resolution product, and focused
on spatial variability of the downward shortwave radiation.
In situ data and satellite data are introduced in section 2. In
section 3 compared are satellite products with in situ data. In
section 4 analyzed is the spatial variability of the downward
shortwave radiation. In section 5, discussion is extended to
the entire plateau to learn about the role of the terrain on the
discrepancies among the products and the role of terrain

variability in the retrievals. Concluding remarks are given in
section 6.

2. Data

2.1. In Situ Data

[4] In situ data were collected under the GEWEX Asian
Monsoon Experiments-Tibet (GAME-Tibet) during an in-
tensive observing period (IOP, May–September 1998)
[Koike et al., 1999]. Figure 1 shows the observing network
and Table 1 shows basic information on 10 sites. The
elevation of all stations was above 4000 m MSL. To achieve
representativeness, the sites were deployed along a north–
south and a west–east transects and more than half of them
were placed within a mesoscale area (30.5–33N, 91–
92.5E). Several types of pynonameters were used in
GAME-Tibet, such as VAISALA CM6B (compliant with
ISO 9060 first class specification), Kipp-Zonen CM-21, and
CNR1 (compliant with ISO 9060 second class specifica-
tion). Data were sampled every second and the average of
each 10, 30, or 60 minutes period was recorded. Calibration
coefficients are provided by manufacturers. Recent studies
have found that systematic errors in radiation measurements
are not uncommon [Kato et al., 1997; Dutton et al., 2001],
the GAME-Tibet radiation data set is still the most reliable
one for the elevated region. For the MS3608 site, the
measured values for many hours are much higher than the
clear-sky values estimated by a high-accuracy model [Yang
et al., 2006b], and frequently higher than the solar constant.
While it is possible to measure values higher than the solar
constant (up to 10% more due to reflection from clouds), the
high frequencies of such values at the MS3608 site is
unexpected.

Figure 1. Map of GAME-Tibet experiment, IOP 1998. Gray bar represents elevation in kilometers. Ten
radiation sites are marked with solid dots; six sites were deployed within the 91–92.5�E, 30.5–33�N
region. SQH and TTH are the abbreviation of Shiquanhe and Tuotuohe sites of GAME-Tibet
experiments, respectively.
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2.2. Satellite Data

[5] Satellite products of surface radiation from three
research teams were used in this study; basic information
on the algorithms and resolution is given in Table 2. Three
products come from NASA LaRC. Two are based on the
GEWEX-SRB approach [Stackhouse et al., 2004] as driven
with the ISCCP DX data gridded at 1� spatial resolution
using V2.5 and V2.81 of the inference scheme. The
GEWEX-SRB V2.5 product has been previously evaluated
[Yang et al., 2006a] and is included here for completeness.
A major difference between V2.5 and V2.81 is that the
lookup tables in the radiative transfer code of V2.5 does not
account for elevation and its effect on Rayleigh scattering
while in V2.81 this effect was included. The GEWEX-SRB
approach use cloud cover and radiances from the ISCCP-
DX nominal 30-km pixels within each 1� � 1� cell [Cox et
al., 2006]. The third product is from a quality-check
algorithm (GEWEX-QCSW V2.5) based on Gupta et al.
[2001] as driven with the same data. The fourth product is
the newest version from GISS [Zhang et al., 2004] and is
based on the ISCCP D1 data at 280-km resolution (ISCCP-
FD). Used are cloud cover, cloud top temperature, optical
thickness, and cloud phase based on 15 cloud types in the
ISCCP-D1 280-km equal-area grid with climatologies for
cloud particle size and vertical structure [Zhang et al., 2004;
Rossow and Schiffer, 1999]. The fifth product is from the
University of Maryland (UMD). It is based on a modified
version of the UMD Surface Radiation Budget (UMD-SRB)
as described in Y.-T. Ma et al. [2007]. The model was
implemented with the high resolution observations from
METEOSAT-5. The cloud detection for METEOSAT-5 is
based on a methodology described in Li et al. [2007]
for GOES-8 as subsequently modified for METEOSAT-5.
Initial information on aerosols is taken from H. Liu et al.
[2005]. In support of the Indian Ocean Experiment
(INDOEX) [Ramanathan et al., 2001], METEOSAT-5
was moved to 63�E longitude, and continuous operational
coverage of the area began in July 1998. This unique data set
provides an opportunity to supplement current information
on cloud-related parameters in this monsoon-dominated
region. The Coordinated Enhanced Observing Period
(CEOP) [Koike, 2004] recognizes the importance of the
monsoon systems, and a primary goal of this program is to
produce a long observational record of water and energy
parameters to support monsoon research. In response to
CEOP objectives an attempt has been made to derive high
resolution cloud parameters and shortwave radiative fluxes

from METEOSAT-5 satellite observations. Specifically,
algorithms to derive clouds [Li et al., 2007] and shortwave
radiative fluxes [Pinker et al., 2003] from GOES-8 observa-
tions over the United States have been adapted to process
METEOSAT-5 data over this region. Visible (0.75 mm) and
infrared (11.5 mm) data collected by the satellite at 5-km
resolution are used for clear/cloudy sky determination, with
final results projected onto a 0.125� latitude/longitude grid.
The cloud detection algorithm requires knowledge of snow
conditions to prevent misrepresentation of snow or ice as
clouds. Snow cover information is obtained from the Inter-
active Multisensor Snow and Ice Mapping System (IMS)
data set, a manually developed global snowmask produced at
the National Centers for Environmental Prediction (NCEP)
[Ramsay, 1998]. Precipitable water is needed for the calcu-
lation of cloud optical depth, and such information is
extracted from the NCEPReanalysis II, which is documented
at http://www.cdc.noaa.gov/cdc/reanalysis/reanalysis.shtml.
[6] Attention should be paid to the differences in the

sampling of cloud properties. In the GEWEX-SRB and in
QCSW the basic observations used are the ISCCP DX
products which are based on single 4 by 8 km pixels
randomly subsampled at 30-km resolution every 3 hours.
These are aggregated to a 1� grid. The ISCCP D1 product is
used to derive the ISCCP-FD fluxes; it represents a mean
value of DX pixels in each 280-km equal-area grid. The
UMD-SRB model uses hourly METEOSAT-5 5-km pixels
without sampling.
[7] Surface radiation components from GEWEX-SRB

and ISCCP-FD have been widely assessed at numerous
locations over the globe by data developers [Cox et al.,
2006; Zhang et al., 2004] and independently [J. Liu et al.,
2005; Xia et al., 2006; Raschke et al., 2006]. The UMD-
SRB model has been evaluated against high-quality data
from the Surface Radiation Budget Network (SURFRAD)
and the Baseline Surface Radiation Network (BSRN) [Liu
and Pinker, 2008], where UMD-SRB model was imple-
mented with the ISCCP D1 data.
[8] The UMD-SRB product used in this study is a

relatively new product for highlands and can benefit from
additional evaluations.
[9] The period of July, August, September 1998 was

selected for evaluation since high-quality ground observa-
tions and all the satellite products are available. Because of
occasional unavailability of satellite scenes, some data are
missing in the UMD-SRB product. A gap filling was
performed by assuming a daily mean transmittance of solar
radiation. This interpolation may affect the evaluation
results, in particular, at the shorter timescales.
[10] These satellite products are of different temporal

resolutions, and initially, the evaluation is performed at

Table 1. GAME-Tibet Shortwave Radiation Observing Sites

No. Station

In situ Record
Interval
(minutes)

Data
Length
(day)

Altitude
(m)

Latitude
(�N)

Longitude
(�E)

1 SQH 4282 32.5 80.08 60 81
2 Gerze 4420 32.3 84.05 60 92
3 MS3637 4820 31.02 91.66 30 74
4 MS3608 4610 31.23 91.78 10 64
5 Naqu 4496 31.38 91.54 30 77
6 MS3478 5063 31.93 91.72 30 78
7 Anduo 4700 32.24 91.64 30 77
8 D110 5070 32.69 91.88 10 35
9 TTH 4535 34.22 92.44 10 83
10 D66 4600 35.52 93.78 10 84

Table 2. Basic Information of Satellite Products of Downward

Shortwave Radiation

Products
Spatial

Resolution
Temporal
Resolution Algorithm

GEWEX-SRB V2.5 1.0� 3 hr Pinker and Laszlo [1992]
GEWEX-SRB V2.81 1.0� 3 hr Modified Pinker and

Laszlo [1992]
GEWEX-QCSW V2.5 1.0� daily Gupta et al. [2001]
ISCCP-FD 2.5� 3 hr Zhang et al. [1995, 2004]
UMD-SRB 0.125� 1 hr See the text
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the native resolution of each product. Subsequently, we
have aggregated the hourly estimates from the UMD-SRB
model to 3-hourly values to facilitate comparison at same
temporal scale. The difference between the two mean values
(hourly and three hourly) is no more than 1 W m�2 at six
sites and less than 2.5 W m�2 at all sites. The difference is
small compared to the errors presented in Table 3, and thus
do not affect the results of the evaluation.

3. Comparisons of Satellite and In Situ Data

[11] Table 3 shows the mean value of observed radiation,
mean bias error (MBE) of satellite data and standard
deviation (SD) of the differences between observation and
satellite data for each site and the average. To maximize the
use of observed data, statistical values in Table 3 were
derived from 3-hourly data. GEWEX-QCSW V2.5 is not
shown in this table since its temporal resolution is daily.
[12] Though the table shows that the biases are quite

variable for the individual sites and months, systematic
biases and tendencies may be identified. SWD fluxes from
GEWEX-SRB V2.5 seem to underestimated the observa-
tions at all the observing sites. Biases for the individual sites
are in the range of �30 to �90 Wm�2 with an average value
of �49 W m�2 or �20%. These errors are larger than
reported in similar studies over flat terrain (about 10 Wm�2

in Li et al. [1995], �5 to �15 W m�2 in Cox et al. [2006],
and �9 to 28 W m�2 in Xia et al. [2006]). In response to the
earlier findings over the Tibet Plateau [Yang et al., 2006a]
the GEWEX-SRB algorithm was modified and resulted in
V2.81. As evident from Table 3, the mean errors have been
reduced by about 30 W m�2 at most of the sites, indicating
the necessity to account for elevation in this complex region.
The mean errors in GEWEX-SRB V2.81 product are about
�16 W m�2, which is close to errors in other regions.
[13] At all the GAME-Tibet sites, ISCCP-FD under-

estimates the observed SWD. The high-resolution UMD-
SRB product as implemented with the high resolution
satellite observations from METEOSAT-5 is in close agree-

ment with the observations and its mean bias averaged over
all the sites nearly vanishes (Table 3).
[14] SD values in Table 3 depend on temporal scale.

While the UMD-SRB product has the smallest mean bias,
the averaged standard deviation for the 3-hr-means are
larger than GEWEX-SRB V2.81 and ISCCP-FD. This is
probably related to cloud types in this region and the very
windy conditions over the Plateau that affect the cloud
movement. Convective clouds with small spatial scales
(a few kilometers), which are called ‘‘popcorn’’ clouds by
Chinese Scientists, appear most frequently over the Plateau
[Yeh and Gao, 1979]. These convective clouds move
quickly, due to the plateau windy conditions, and have
short lifetime scales. Therefore the representativeness of
pixels within a UMD-SRB grid can be well suited for
instantaneous situations and long-term statistics but less so
at hourly scale. Therefore it is plausible that the UMD-SRB
model produced small MBE but high SD values for 3-hr-
mean radiation. When the temporal scale of interest is
extended from 3 hr to daily, UMD-SRB produced SD
averages smaller than the others (see last four rows of
Table 3).

Table 3. Mean Bias Errors (MBE) of Satellite Products and Standard Deviation (SD) of the Differences Between Observed and Satellite

Downward Shortwave Radiation (W m�2) at GAME-Tibet Radiation Sites for July–September 1998a

Site SQH Gerze MS3637 Naqu MS3478 Anduo D110 TTH D66 Ave

Observed Mean Value
293.6 268.5 235.2 237.2 240.8 243.4 259.5 257.2 256.3 254.6

Mean Bias Error
GEWEX V2.5 �37.4 �69.0 �45.2 �60.7 �42.7 �37.3 �62.4 �48.9 �39.6 �49.2
GEWEX V2.81 �10.2 �13.3 �15.5 �29.5 �12.9 �6.3 �32.2 �19.1 �9.4 �16.5
ISCCP-FD �11.9 �16.7 �12.1 �10.3 �9.6 �17.1 �10.0 �15.7 �3.8 �11.9
UMD-SRB �0.1 �14.5 12.7 �0.8 0.8 9.3 �3.1 �5.6 �6.7 �0.9

Standard Deviation of the Differences Between 3-hr-mean Observation and Satellite Product
GEWEX V2.5 69.5 149.8 104.0 106.8 112.4 85.7 107.0 104.2 108.6 105.3
GEWEX V2.81 57.4 59.1 94.5 95.5 102.2 78.7 100.5 88.3 95.3 85.7
ISCCP-FD 83.6 77.9 89.1 83.3 99.2 101.7 102.9 83.9 90.6 90.2
UMD-SRB 82.3 83.0 95.8 89.4 109.2 87.6 101.3 91.3 89.3 92.1

Standard Deviation of the Differences Between Daily-Mean Observation and Satellite Product
GEWEX V2.5 25.6 63.5 37.4 33.6 42.3 30.9 41.5 36.0 40.6 39.0
GEWEX V2.81 23.6 25.4 36.6 33.4 42.4 29.8 41.4 35.1 39.9 34.2
ISCCP-FD 41.9 34.4 34 30.3 45.7 45.5 42.3 34.6 37.8 38.5
UMD-SRB 25.8 32.2 45 36 35.7 30.3 31.8 25.3 29.5 32.4

aAve, average values.

Table 4. Standard Deviation of the Differences Between

Observed and GEWEX-SRB/ISCCP-FD 3-Hourly SWD (W m�2)

at the Mesoscale Experimental Sites Within a GEWEX-SRB or

ISCCP-FD Grida

GEWEX-SRB Grid

ISCCP-FD Grid

Sites

SD

V2.5 V2.81 Sites SD

MS3637 104.0 94.5 MS3637 89.1
Naqu 106.8 95.5 Naqu 83.3
MS3478 112.4 102.2 MS3478 99.2

Anduo 101.7
Grid-Ave 86.0 72.8 Grid-Ave 62.0

a‘‘Grid-Ave’’ is calculated from observed site-mean SWD and satellite
SWD.
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[15] In the mesoscale area, an ISCCP-FD grid includes
sites MS3478, Naqu, Anduo, and MS3637. The bias of the
ISCCP-FD SWD from the four-site mean is �13.0 Wm�2.
A GEWEX-SRB grid includes sites MS3478, Naqu, and
MS3637. The bias of the GEWEX-SRB radiation from
the three-site mean is �45.1 W m�2 for V2.5 and �15.3
for W m�2 for V2.81. These mean biases are comparable to
the biases from the individual sites. Table 4 shows the
standard deviation of the differences between 3-hr-mean
observations and satellite products for these sites. As seen,
the standard deviation for the site-mean SWD within a
GEWEX-SRB or ISCCP-FD grid (‘‘Grid-Ave’’) is much
less than the ones for the individual sites. This result

suggests that comparing averaged observations with satellite
data may reduce uncertainties significantly but not much for
the mean bias of a satellite product in this mesoscale area.

4. Spatial Variability of Shortwave Radiation

[16] The UMD-SRB is at much finer spatial resolution
(Dx � 0.125�) than GEWEX-SRB (Dx � 1.0�) or ISCCP-
FD (Dx � 2.5�). The UMD-SRB radiative flux over the
Tibet is spatially variable (not shown). Therefore a question
can be raised as to the impact of differences in spatial
resolution on the accuracy of the estimates.

Figure 2. Standard deviation of UMD-SRB SWD in 1.0� grids (a) and 2.5� grids (b) in Tibet for the
period of July–September 1998.
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[17] In response, we calculated the spatial variability of
SWD that is measured by the standard deviation of SWD in
a coarse grid. Figure 2 shows the standard deviation of
three-monthly mean of UMD-SRB data at 1.0� (Figure 2a)
and 2.5� grids (Figure 2b). The plateau topography and its
variability at a 1� grid is shown in Figure 3. The central
Plateau has higher mean elevation while the periphery of the
Tibetan Plateau, particularly along Himalayas region, has

larger terrain variability. The UMD-SRB results show much
larger spatial variability of SWD along the Himalayas and
much smaller ones in the central plateau. This is not
surprising, since SWD is affected significantly by elevation
[Yang et al., 2006b]. This correspondence suggests that the
UMD-SRB data reflect well the spatial variability of SWD.
[18] Near the GAME-Tibet sites, the standard deviations

of the UMD-SRB SWD range over 10–15 W m�2, and are

Figure 3. Mean elevation and standard deviation of elevation in 1� grids in the Tibet region. Data
source: 5-minute DEM of National Geophysical Data Center TerrainBase Global DTM Version 1.0 (Lee
W. Row, III and David Hastings).
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comparable to the mean bias errors of GEWEX-SRB and
ISCCP-FD (Table 3). Since GEWEX-SRB and ISCCP-FD
data represent mean radiation values at coarse-resolution, a
question can be raised as to whether the spatial variability of
SWD accounts for the mean biases of GEWEX-SRB and
ISCCP-FD. To address this issue, both up-scaling and
down-scaling methods were used.
[19] The up-scaling method aggregates the UMD-SRB

data from fine resolution (0.125�) to coarser resolutions of
1.0� and 2.5� and the results are compared with in situ data.
As shown in Table 5, the mean biases at many sites show
significant change when the resolution changes from 0.125�
to 1.0� or 2.5�, indicating that spatial variability of SWD is
important in such a comparison. However, the mean bias
averaged over all the sites did not change much, and cannot
fully explain the mean biases of ISCCP-FD and GEWEX-
SRB in Table 3.
[20] The downscaling method adjusted the satellite data

from grid mean to observational site by the following
formula before comparison with in situ data:

Rsite;gewex ¼ Rgewex þ Rsite;umd � Rumd;1:0

� �
ð1aÞ

Rsite;isccp ¼ Risccp þ Rsite;umd � Rumd;2:5

� �
ð1bÞ

where Rgewex and Risccp are the GEWEX-SRB and ISCCP-
FD SWD grid-means. Rsite,gewex and Rsite,isccp are the SWD
corrected from grids to the observational sites. Rsite;umd is the
UMD-SRB SWD at the grid nearest to the observational
site. Rumd;1:0 and Rumd;2:5 are the mean value of UMD-SRB
SWD in a 1.0� grid and a 2.5� grid, respectively.
[21] The comparison between the corrected satellite prod-

ucts and in situ data are shown in Table 6. The mean bias
decrease by 4 W m�2 in the ISCCP-FD product and
increased somewhat in the GEWEX-SRB product. Again,
this indicates that the spatial variability of the SWD cannot
fully explain the differences between the GEWEX-SRB and
ISCCP-FD with the ground observations.

5. Discrepancies Among Satellite Products

[22] It was shown in section 3 that the GEWEX-SRB and
ISCCP-FD products underestimate SWD at all the sites. Yet

it is not obvious that this is the case over the entire plateau.
Therefore, as a first step, investigated are differences
between the satellite products over the entire plateau.

5.1. Comparisons of Full-Sky Radiation

[23] We use the UMD-SRB product as a reference and
calculate the difference between UMD-SRB and GEWEX-
SRB V2.5, V2.81, GEWEX-QCSW V2.5, and ISCCP-FD.
GEWEX-SRB V 2.5 shows systematically lower values
than UMD-SRB throughout the Plateau (not shown).
GEWEX-SRB V2.81 shows a pattern similar to GEWEX-
SRB V2.5, but it is much closer to UMD-SRB over most of
the Plateau (Figure 4a). The patterns of GEWEX-QCSW
V2.5 and ISCCP-FD are more complex, showing higher
values in the central part of the plateau (approximately 30–
35�N and 80–100�E) and lower values in other parts, as
indicated in Figures 4b–4c. This suggests that the errors of
satellite products are regionally dependent over the Tibet
and it is important to check the spatially distributed dis-
crepancies among different products rather than only the
errors for the observational sites.
[24] Interestingly, Figure 4 shows that the discrepancies

are usually small for regions with small terrain variability
(Figure 3b) while they become much larger for regions with
large terrain variability (such as the Himalayas). This
suggests that there is a need for additional research on
estimating shortwave radiative fluxes in complex terrain.
A recent work by Liou et al. [2007] has presented
the importance of considering radiative transfer processes
induced by complex terrain such as the Tibet region.

5.2. Comparisons of Clear-Sky Radiation and Cloud
Effects

[25] The GEWEX-SRB, QCSW, and ISCCP also produce
clear-sky radiation. Figure 5 shows the discrepancies between
ISCCP-FD and GEWEX-SRB V2.81 (ISCCP-GEWEX) in
clear-sky radiation (panel a), cloud effects (defined as the
clear-sky radiation minus full-sky radiation) (panel b), and
full-sky radiation (panel c) for July–September, 1998. Sur-
prisingly, the discrepancy in clear-sky radiation is much
higher than that in full-sky radiation. The ISCCP-FD
generally has higher clear-sky radiation and cloud effects
than GEWEX-SRB V2.81 does; and the difference in full-
sky radiation is less than that in clear-sky radiation and

Table 5. Mean Bias Errors After Spatial Up-Scaling of UMD-SRB Downward Shortwave Radiation (W m�2) at All the Sitesa

Resolution SQH Gerze MS3637 Naqu MS3478 Anduo D110 TTH D66 Ave

0.125� �0.1 �14.5 0.8 12.7 �5.6 9.3 �6.7 �3.1 �0.8 �0.9
1.0� �11.7 �11.1 15.2 12.5 8.1 7.5 1.9 �8.2 �12.2 0.3
2.5� �25.7 �10.8 9.6 6.9 2.7 1.8 �5.3 �14.5 �6.9 �4.0

aAve, average values.

Table 6. Mean Bias Errors After Spatial Downscaling of GEWEX-SRB V2.81 and ISCCP-FD Data With UMD-SRB Downward

Shortwave Radiation (W m�2)a

Site SQH Gerze MS3637 Naqu MS3478 Anduo D110 TTH D66 Ave

UMD-SRB 0.125� �0.1 �14.5 0.8 12.7 �5.6 9.3 �6.7 �3.1 �0.8 �0.9
Corrected GEWEX-SRB V2.81 1.4 �16.6 �27.2 �15.3 �32.8 �4.5 �18.0 �27.0 �18.1 �17.6
Corrected ISCCP-FD 13.7 �20.4 �18.4 �6.3 �24.1 �9.6 �5.2 1.5 �4.2 �8.1

aAve, average values.
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Figure 4. Discrepancies of 3 months (July–September 1998) mean SWD among satellite products
(UMD-SRB minus other products) over Tibet. UMD-SRB spatial resolution was reduced from 0.125� to
1.0� in panel (a) and (b) and to 2.5� in panel (c). The temporal resolution of the GEWEX-QCSW flux
record is truncated to daily, but those fluxes were computed with the 3-hourly satellite data used by
GEWEX-SRB.
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Figure 5. The differences of clear-sky radiation, cloud effect, and full-sky radiation between ISCCP-FD
and GEWEX-SRB V2.81 (ISCCP-GEWEX), averaged over July–September 1998.
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cloud effects due to the partial compensation of the latter
two. Similar results are found for the discrepancies between
ISCCP-FD and GEWEX-QCSW.
[26] The differences between ISCCP-FD and GEWEX-

SRB V2.81 under clear-sky radiation can be attributed to
differences in input data, in addition to differences in
models. Both GEWEX-SRB and ISCCP-FD used ozone
data from the Total Ozone Mapping Spectrometer (TOMS)
archives, however, atmospheric profiles of temperature,
humidity, and aerosols are different. GEWEX-SRB model
uses temperature and humidity profiles from the GEOS-1
reanalysis product of the Global Modeling and Assimilation
Office at NASA/Goddard Space Flight Center, and four
atmospheric aerosol profiles (MAR-I, MAR-II, CONT-I and
CONT-II) of the Standard Radiation Atmosphere (SRA)
[see detail in Pinker and Laszlo, 1992]. ISCCP-FD uses
temperature and humidity profiles from TOVS filled
with SAGE temperature climatology and with Oort/SAGE
humidity climatology; aerosols are based on the GISS
model climatological vertical profiles [Zhang et al., 2004].
As the plateau is a region where most meteorological
models show low predictive skill, the larger clear-sky radi-
ation differences in the Plateau (Figure 5a) might imply larger
discrepancies in the atmospheric input data. In order to
pinpoint the primary source of the differences, there is a need
for a future detailed evaluation of this aspect of the study.

6. Concluding Remarks

[27] In this study evaluated are four satellite products of
downward shortwave radiation (GEWEX-SRB V2.5,
GEWEX-SRB V2.81, ISCCP-FD, and UMD-SRB) in the
elevated Tibetan Plateau using GAME-Tibet in situ data and
the discrepancies among some products (GEWEX-SRB
V2.5, GEWEX-SRB V2.81, GEWEX-SRB QCSW V2.5,
ISCCP-FD, and UMD-SRB) over the entire plateau.
[28] General underestimations for daily-mean shortwave

radiation are found for theGEWEX-SRBV2.5 (��49.2Wm�2),
GEWEX-SRB V2.81 (��16.5 W m�2), and ISCCP-FD
(��11.9 W m�2) products while the higher resolution
UMD-SRB values are closer to GAME-Tibet observations.
The difference between GEWEX-SRB V2.5 and GEWEX-
SRB V2.81 (about 30 W m�2) shows the need for account-
ing for the effect of the high elevation in the Tibet, which
was neglected unintentionally in GEWEX-SRB V2.5.
While, both GEWEX-SRB V2.81 and ISCCP-FD account
for altitudinal effects, they still underestimated SWD. The
spatial variability of SWD derived from the high-resolution
UMD-SRB data cannot fully account for the negative biases
in GEWEX-SRB V2.81 and ISCCP-FD.
[29] The satellite data of full-sky radiation, clear-sky

radiation and cloud effect were compared over the entire
plateau, indicating large discrepancies in all the three
parameters. The discrepancies in full-sky radiation are
larger for highly variable terrain as compared to relatively
simple surfaces. This would suggest that the errors of the
satellite products are spatially dependent over the Tibet.
While ISCCP-FD product underestimates SWD at all the
sites, it should not be implied that it systematically under-
estimate the radiation throughout the plateau. Yet the errors
of satellite products of a coarse resolution increase with
terrain complexity. Therefore researchers should take both

elevation and its variability into account when developing
coarse-resolution satellite products. Because of the regional
dependence of errors of coarse-resolution satellite products
and the representativeness of in situ data for complex terrain,
it is probably better to evaluate a coarse-resolution product
by comparisons with a validated high-resolution product
instead of direct comparisons with limited observations.
[30] In addition to the differences in the treatment of

elevation and terrain complexity in the satellite inference
schemes, differences in model inputs (cloud properties,
aerosols, ozone, and humidity profiles), calibration as well
as the resolution of the satellite observations may cause
discrepancies among satellite products. For instance,
GEWEX SRB uses the ISCCP DX pixel level data, which
are 4–8 km pixels subsampled at 30 km every 3 hours and
averages the pixel radiances to a 1� � 1� grid. On the other
hand, UMD-SRB uses METEOSAT-5 5-km pixels without
sampling. Moreover, even with the same model and same
satellite inputs but different implementation (e.g., different
gap filling or pixel averaging), mentioned is the fact that
one can lead to different results. Such issues need also to be
addressed in future studies. In addition, in situ data of
aerosols, ozone, and humidity profiles over this elevated
region should be collected to evaluate their accuracy in
satellite models, as the discrepancies in clear-sky radiation
are even larger than that in full-sky radiation, e.g., clear-sky
radiation of GEWEX-SRB V2.81 is about 20–40 W m�2

lower than ISCCP-FD.
[31] Finally, we would like to point out that evaluation of

satellite estimates in a complex terrain like the Tibetan
Plateau is important and should be pursued as has been
done by Tsuang et al. [2008] and Zhou et al. [2007].
Two ongoing long-term observational networks operational
under the Tibet Observation and Research Project (TORP)
and the China–Japan Weather Disaster Project, cover a
wider Plateau area and are more comprehensive than
previous experiments. These observations would be instru-
mental in the assessment of satellite products and model
outputs of radiation, precipitation, precipitable water as well
as other hydrometeorological parameters.
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